Bromodomains have emerged as attractive candidates for the development of inhibitors targeting gene transcription. Inhibitors of the bromo and extraterminal (BET) family recently showed promising activity in diverse disease models. However, the pleiotropic nature of BET proteins regulating tissue-specific transcription has raised safety concerns and suggested that attempts should be made for domain-specific targeting. Here, we report that RVX-208, a compound currently in phase II clinical trials, is a BET bromodomain inhibitor specific for second bromodomains (BD2s). Cocrystal structures revealed binding modes of RVX-208 and its synthetic precursor, and fluorescent recovery after photobleaching demonstrated that RVX-208 displaces BET proteins from chromatin. However, gene-expression data showed that BD2 inhibition only modestly affects BET-dependent gene transcription. Our data demonstrate the feasibility of specific targeting within the BET family resulting in different transcriptional outcomes and highlight the importance of BD1 in transcriptional regulation.
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small molecule inhibitor | epigenetics | microarray | ApoA1 B romodomains (BRDs) are protein-interaction modules that are selectively recruited to e-N-acetylated lysine-containing sequences. BRDs are present in 46 diverse, mostly nuclear proteins functioning as effector domains of transcriptional regulators, chromatin modulators, and chromatin-modifying enzymes (1) . BRD-containing proteins have been implicated in the development of many diverse diseases, and the architecture of their acetyl-lysine binding pocket makes them attractive targets for the development of potent and specific inhibitors (2, 3) . All BRD modules share a conserved fold comprising a left-handed helical bundle creating a deep, largely hydrophobic and aromatic binding pocket for the specific recognition of peptide sequences containing one or more e-N-acetylated lysine residues (1, (4) (5) (6) .
In particular the bromo and extraterminal (BET) proteins, which comprise four members in human (BRD2, BRD3, BRD4, and the testis-specific BRDT), recently received a lot of attention after highly potent and cell-active pan-BET inhibitors were developed (7) (8) (9) (10) . BETs are transcriptional regulators that control expression of genes that play key regulatory roles in cellular proliferation, cell cycle progression, and apoptosis (11, 12) . Dysfunction of BET proteins has been associated with the development of aggressive tumors, such as NUT midline carcinoma (NMC). In NMC, the N-terminal bromodomains of BRD3 or BRD4 are fused in frame with the testis-specific protein NUT (nuclear protein in testis), giving rise to an incurable fatal subtype of squamous carcinoma and in some cases tumors of other tissue origin (13) . Importantly, BETs play a critical role in tumorigenesis also outside NMCs by driving the expression of genes that are essential for tumor growth and survival, such as c-Myc (14) and Aurora B (15) . The potent pan-BET inhibitors (+)-JQ1 and GSK1210151A (I-BET151) have exhibited significant antitumor activity in murine models of NUT midline carcinoma (7), multiple myeloma (16), acute myeloid and mixed lineage leukemia (17) , lung cancer (18) , and glioblastoma (19) .
BET family members play an essential role in diverse cellular processes, including general transcriptional elongation (20, 21) , replication (22) , hematopoiesis (23) , adipogenesis (24, 25) , and spermatogenesis (26) , suggesting that drug discovery efforts should explore isoform, or even domain-specific targeting, to avoid adverse effects of prolonged pan-BET inhibition during treatment in different tissues.
The quinazolone RVX-208 (Fig. 1A) has been developed by Resverlogix Corporation for the treatment of cardiovascular diseases associated with atherosclerosis (27, 28) and has more recently entered clinical studies on Alzheimer's disease (29) . RVX-208 is a derivative of the plant polyphenol resveratrol (3,4',5-trihydroxy-transstilbene) that leads to an increase of plasma levels of the high-density lipid protein ApoA1. Increasing ApoA1 levels has emerged as a promising approach for the treatment of atherosclerosis (30) , and recent phase IIb clinical trial data using RVX-208 as an ApoA1 modulator have been encouraging (28) . ApoA1 expression is regulated by BET proteins, and chemical inhibition of BET bromodomains has been associated with ApoA1 up-regulation on transcriptional and protein levels (9, 31, 32) . As a consequence, a similar mode of action has also been suggested for RVX-208, but no data characterizing the RVX-208/BET interaction have been published so far. The promising clinical outcome of RVX-208 trials and the presumed function of RVX-208 as a BRD inhibitor prompted us Significance Bromo and extraterminal (BET) proteins have diverse roles in regulating tissue-specific transcriptional programs, raising safety concerns for their inhibition and suggesting that targeting of specific isoforms or even specific domains within this subfamily is important. We report the discovery and characterization of RVX-208 as a domain-selective inhibitor of BETs and provide a potential mechanism of action of a clinical compound that was identified based on phenotypic screens.
Author contributions: C.B., H.L., O.F., S. Müller, P.E.B., S.K., and P.F. designed research; S.P., C.W., I.F., D.B., S. Martin, P.S., B.D.-D., M.P., and P.F. performed research; S.P., C.W., B.D.-D., O.F., S.K., and P.F. analyzed data; and S.K. and P.F. wrote the paper. to study its role regulating BET-dependent transcription. Interestingly, we found that RVX-208 is specific for BET bromodomains and showed preferred binding to their second bromodomains (BD2s). Highest selectivity was observed for BD2 of BRD2 (23-fold) and BRD3 (21-fold). RVX-208 displaces BRD3 from chromatin at higher concentrations, and inhibition of BET bromodomains in the liver hepatocellular carcinoma cell line HepG2 resulted in weak regulation of only a subset of BET target genes. The study suggests that first and second BDs of BET family members can be selectively targeted despite high levels of sequence homology resulting in distinct transcriptional outcomes.
Results
Human BET proteins have a modular architecture comprising two N-terminal BRD modules, an extraterminal (ET) domain, and a C-terminal motif (BRD4 and BRDT only) (Fig. S1A) . Their two highly conserved BRD modules share a high degree of sequence homology. Sequence homology is most pronounced comparing all four BD1s or BD2s, respectively, resulting in clustering of these interaction modules in sequence-and structure-based phylogenetic trees (1) . Interestingly, sequence comparisons revealed three residue positions in close proximity to the acetyl-lysine peptide binding site that differ between BD1 and BD2 domains: with the exception of BRDT, the residue position corresponding to BRD4/BD1 Q85 is a lysine residue in BD2s; the position corresponding to the BRD4/BD1 residue D144 is a histidine residue in all BET BD2s; the position corresponding to the BRD4/BD1 residue I146 is a valine residue in BD2s. The location of these residues suggested that these sequence variations may be explored for the development of inhibitors that specifically recognize one of the two BET BRDs (Fig. S1B) .
The established role of RVX-208 up-regulating the BETregulated HDL protein ApoA1 without associated antiproliferative effects prompted us to synthesize this compound following the synthetic route disclosed by Resverlogix Corporation [previously established by Hansen-examples no. 4 and no 7 (33)] with minor changes (Fig. S1C ) and to study its interaction with human BRD proteins.
RVX-208 Is a Potent Inhibitor of Second BET Bromodomains. To establish a selectivity profile for RVX-208, we used temperature-shift assays (ΔT m ) carried out on 44 of the 61 human bromodomains and found that its effect on BRD temperature stabilization is limited to the BET subfamily. Interestingly, we observed significant stabilization of only second bromodomains (BD2s) of BET proteins ( Fig. 1B and Table S1 ), suggesting that RVX-208 selectively targets BD2s. In contrast, the synthetic precursor RVX-OH, which lacks the hydroxylether substitution (Fig. 1A) , also specifically interacted with BET family members, although the differences in ΔT m between BD1s and BD2s were diminished. In addition, RVX-OH showed a number of weak ΔT m shifts on BRD9, CECR2, and some other BRDs (Table S1 ). AlphaScreen assays carried out using BRD3, for which a large difference in ΔT m values was observed, confirmed the interactions and demonstrated competitive displacement of histone H4 acetyl-lysine containing peptides by RVX-208. The IC 50 values derived from the AlphaScreen data were 87 ± 10 μM and 0.510 ± 0.041 μM for BD1 and BD2, respectively, thus about 170-fold selectivity (Fig. 1C ). In agreement with ΔT m data, RVX-OH exhibited a smaller window of selectivity between the two BRD3 bromodomains (IC 50 , 11.4 ± 5.9 μM and 0.379 ± 0.101 μM for BD1 and BD2, respectively) ( pronounced differences observed in AlphaScreen assays might be due to differences in peptide affinity for BD1 and BD2 domains.
RVX-208 Presents a Template for BD2 Rearrangement upon Binding.
The observed selectivity profile for RVX-208 and the lack of selectivity of the closely related compound RVX-OH prompted us to determine the high-resolution cocrystal structures of RVX-208 and RVX-OH with representative BET bromodomains ( Fig. 2  and Fig. S2 ). As predicted from our AlphaScreen data, RVX-208 bound to the acetyl-lysine binding pocket in a peptide-competitive manner. In the cocrystal structure of the first bromodomain of BRD4, the carbonyl oxygen and one of the nitrogen atoms of the quinazolinone ring system act as an acetyl-lysine mimetic moiety, forming a hydrogen bond with the conserved asparagine residue (N140), as well as a water-mediated hydrogen bond with Y97 ( Fig.  2A and Fig. S2A ). The hydroxy-ethylether moiety points out of the acetyl-lysine binding pocket and makes only a few contacts with the bromodomain surface. The WPF shelf, which contributes significantly to the affinity of phenyl-isoxazole and methyl-triazolo inhibitors (9, 34), is not occupied by the inhibitor but is occupied by an ethylene glycol solvent molecule. RVX-208 makes no direct interactions with residues unique to BD1 except to a watermediated hydrogen bond with Q85. The binding mode of RVX-208 is largely conserved in BD2 domains, mimicking that of a histone substrate with the ligand occupying the entire channel used by a single acetyl-lysine. However, the BD2 unique residue H433 in BRD2 flips into the acetyl-lysine binding site packing against the phenyl ring of the inhibitor, providing a possible explanation for the tighter affinity for BD2 domains (Fig. 2B and Fig. S2B ). Interestingly, the RVX-208 binding mode is not conserved in RVX-OH complexe with the BD1 of BRD4 (Fig. S2C) . In this cocrystal structure, the ligand's free hydroxyl group from the phenyl ring system acts as an acetyl-lysine mimetic moiety, forming a hydrogen bond with N140. Surprisingly, RVX-OH inverts its binding mode in the cocrystal complex with the BD2 of BRD2 assuming a similar interaction as observed in RVX-208 where the quinaxolinone function acts as the acetyl-lysine mimetic moiety (Fig. S2D and Fig.  S3A ). Both RVX-OH and RVX-208 are very well resolved in the high-resolution crystal structures (Fig. S3 B and C) . The shift in binding mode of this inhibitor is also evident by the thermodynamic data of this interaction. The RVX-OH interaction with BD1s is characterized by a large negative binding enthalpy change for all BD1 interactions (∼ −7 to −10 kcal/mol) that is opposed by a negative entropy term (TΔS ∼ −2 kcal/mol). In contrast, interaction with BD2s gives rise to a modest negative enthalpy change (∼ −3.5 kcal/mol) associated with a favorable positive entropy change (TΔS ∼ +4 to +5 kcal/mol) (Table S3) . However, the different binding modes of these two closely related inhibitors complicate the interpretation of the structural reasons for the observed selectivity of RVX-208. To further test the template's binding mode, we synthesized RVX-H, an analog lacking the K acmimetic free hydroxyl group and tested its ability to stabilize BET BRDs in thermal melt experiments. As expected, this scaffold significantly lost its affinity for BET BD1s (Table S1 ). We conclude that differences in binding affinity are due to small structural rearrangements and differences in binding mode that may include contributions of BD2 unique residues such as H433 in the case of the BD2 of BRD2, as well as possible differences in dynamic properties of BET bromodomains.
Selective Inhibition of BD2 Displaces BETs from Chromatin. Given the weak interaction of RVX-208 with BET BD1s, we were interested in establishing whether this inhibitor can dissociate fulllength BET proteins from acetylated chromatin. To this end, we established a FRAP (fluorescence recovery after photobleaching) assay using full-length human GFP-BRD3 transiently transfected into U2OS osteosarcoma cells. Exposure of these cells to the potent pan-BET inhibitor PFI-1 (10, 35) led to significant reduction of recovery times of the photobleached nuclear region, suggesting efficient dissociation of BRD3 from chromatin ( Fig. 3) , even at concentrations as low as 100 nM, given that the in vitro dissociation constant for this inhibitor is 80 nM for the BD1 of BRD3 and 76 nM for BD2 (35) . At 250 nM, recovery times reached a plateau that did not decrease further at higher concentrations of the inhibitor. RVX-208 exhibited slightly weaker activity, displacing BRD3 at concentration of 500 nM and higher, thus demonstrating that both bromodomains are needed for efficient interactions with nucleosomes.
BET Transcriptional Regulation Is Mainly Mediated by First Bromodomains in Liver. We next investigated the transcriptional regulation effect on gene expression in human liver carcinoma HepG2 cells by BET bromodomains, by either inhibiting both domains at the same time using the pan-BET inhibitor (+)-JQ1 (or JQ1 for simplicity) or RVX-208 seeking to inhibit mainly the second bromodomain (BD2). A microarray study of cells treated with either inhibitor for 4 h revealed large differences in gene expression, with the pan-BET inhibitor JQ1 strongly affecting transcription of genes with almost a 10-fold difference compared with the BD2-specific inhibitor RVX-208. Although inhibition of both BD1 and BD2 affected the gene expression of 754 genes within a 1.5-fold window, only 46 genes were affected by the inhibition of only BD2 using RVX-208 (Fig. 4A and Fig. S4A ). Indeed, the top genes that seem to be affected by each inhibitor have small overlap, and the fold change in their expression is systematically higher when both domains are inhibited, using JQ1 (Fig. 4 B-D) . This trend was also observed when we looked at the effect on the expression of the top 1,000 statistically significant genes (with an adjusted P value less than 0.05) for each inhibitor; genes that are strongly up-/down-regulated when both domains are inhibited by JQ1 are only weakly regulated when the second domain is inhibited by RVX-208 (Fig. S4B) whereas genes that are strongly up-/down-regulated when the second domain is inhibited by RVX-208 exhibit an even higher degree of regulation when both domains are inhibited by JQ1 (Fig. S4C) . To further probe and verify the differences in gene expression initiated by BD1 or BD2, we selected a subset of four genes for qPCR studies that were strongly down-regulated (AREG, EREG, INHBE, and NR1H4) and four genes that were up-regulated (BRD2, MYBL1, MYLIP, and ZNF117). The effects of pan-BET versus BD2-selective inhibition were monitored in a time-dependent (Fig. 4E ) and dose-dependent (Fig. 4F) manner. In the first instance, we observed a striking difference in gene expression when both BDs were inhibited by JQ1, with little or no effect when only BD2 was inhibited with RVX-208. This effect was verified by the dose experiment as well, despite the fact that we chose a 10-fold window between the two inhibitors in an effort to account for their differences in affinity for the two domains. Despite the lower concentrations used for JQ1 (0.3-1.0 μM), as opposed to higher doses of RVX-208 (0.78-25.0 μM), inhibition of the second domain was not sufficient to drive a strong transcriptional response. To establish that these effects are not inhibitor-dependent, we conducted a similar experiment and monitored gene expression by quantitative real-time PCR on a set of genes using either the pan-BET inhibitors (+)-JQ1 and PFI-1 in addition to the BD2 inhibitor RVX-208. We included also the precursor RVX-OH and used (−)-JQ1 as an inactive control compound. As expected, we observed strong up-or down-regulation when both BD1 and BD2 where inhibited by (+)-JQ1, PFI-1, or RVX-OH and a smaller effect when only BD2 was inhibited by RVX-208 (Fig. S4D) whereas the inactive variant, (−)-JQ1, had no significant effect on the expression of the selected genes. In agreement with the wellestablished role of JQ1 down-regulating c-MYC we found that pan-BET inhibition by JQ1, but not by RVX-208, led to transcriptional down-regulation of the c-MYC oncogene in liver cells (Fig. S4D) . Interestingly ApoA1, a reported downstream target of BET proteins (9), was not affected by RVX-208 at the concentrations tested (27) . We found that ApoA1 RNA levels were not affected in a timeor dose-dependent manner whereas ApoA1 protein levels were only slightly affected by (+)-JQ1 treatment (Fig. S5 A-D) . Using a luciferase reporter, we were also unable to observe a significant effect on ApoA1 transcription using a range of inhibitor concentrations (Fig. S5 E and F) . Taken together, our data suggest that the transcriptional effect of BET proteins on their target genes is mainly dependent on both BDs, which seem to drive interactions with histones in the context of chromatin, suggesting that they are not functionally redundant. Indeed, deletion of only BD1 in BRDT is sufficient to impair spermatogenesis in mice (26) , supporting the dominant role of BD1 in transcription control.
Discussion
BET proteins act as multidomain docking platforms that have a general role in transcription elongation by recruiting the positive transcription elongation factor b (P-TEFb) to acetylated chromatin (36, 37) , as well as tissue-specific functions. The cell type-specific roles have been highlighted by recent reports on BRDT-dependent transcription programs that regulate spermatogenesis (37-39) and BRD3-dependent recruitment of GATA1 in hematopoietic cells regulating maturation of erythroid, megakaryocyte, and mast cell lineages (23, 40) , as well as BRD2-dependent roles regulating differentiation of adipose tissue (25) and neurons (41) . Application of BET inhibitors outside the area of oncology, given the pleiotropic nature of BET transcriptional regulation, strongly suggests a requirement for more selective targeting with respect to isoform and/or domains, to avoid adverse effects. Currently developed inhibitors are highly BETspecific but show no or little isoform or domain specificity (7) (8) (9) (10) .
In this work, we have established a first step toward isoform selective inhibition by characterizing interactions of RVX-208 with BET bromodomains, a template currently in phase I/II clinical trials for the treatment of cardiovascular diseases. Importantly, RVX-208 preferentially binds to the second bromodomain found on BET proteins, exhibiting selectivity over BD1 of up to 23-fold. With a K D of 195 nM against BD2 and 4 μM against BD1 of BRD3, we were able to show in vitro competitive displacement of a histone H4 tetra-acetylated peptide. Interestingly, cocrystal structures showed that RVX-208 induced a conformational switch upon binding to BD2, resulting in aromatic stacking accompanied by large entropic changes, as determined by isothermal titration calorimetry, which may explain in part its preference for BD2 over BD1 and suggests that dynamic properties of bromodomains need to be considered in the design of domain-specific inhibitors. BET BD1s and BD2s show a high degree of sequence similarity but differ in their recognition of acetylated target sequences (1). It is therefore likely that each BET bromodomain has a distinct function although the combined effect seems to be conferring a regulatory output in gene transcription. We observed in this study that targeting the BD2 had only a modest effect on transcription, an observation supported by previous studies of BRD3 that showed that its recruitment to acetylated sites on GATA1 is mediated by BD1 (40) . Notably, deletion of the first bromodomain in BRDT in mice is sufficient to confer sterility by blocking BRDT-dependent sperm maturation (39) . Unfortunately, no genetic knockout studies have been published that target only the BD2 in any of the BET family members, but biochemical studies and data pre- rearrangement that unmasks BD2 and directs it toward acetylated chromatin (42) . This observation suggests that BET transcriptional regulators are controlled posttranslationally and that specific targeting, such as the one highlighted here toward BD2, may be able to perturb and modulate BET function in a contextdependent manner. However, further development of domain and isoform specific inhibitors will be necessary to unravel the exact role of BET bromodomains in gene transcription.
Materials and Methods
Cloning, Protein Expression, and Purification. The BRD regions of human BRD3 and BRD4 were cloned/amplified as previously described (7). The full-length mouse BRD3 ortholog was used to reconstruct the human clone, by first mutating the C-terminal region and then cloning into pDONR223-hBRD3 according to Tillett and Neilan (43) and confirmed by sequencing. Protein expression and purification were carried out as previously described (7).
RVX-H, RVX-OH, and RVX-208 Synthesis. The synthesis and characterization of these compounds were carried out following the synthetic route previously described (44) with minor changes, using the synthetic scheme highlighted in Fig. S1C .
Protein Stability Shift Assay (T m Assay). Thermal melting experiments were carried out using an Mx3005p Real-Time PCR machine as previously described (7) . Temperature shifts (ΔT obs m ) for three independent measurements per protein/compound are summarized in Table S1 .
Competitive Histone Displacement Assay (AlphaScreen Assay). Experiments were run on a PHERAstar FS plate reader using an AlphaScreen 680 excitation/570 emission filter set. IC 50 values were calculated in Prism 5 after normalization against corresponding DMSO controls. Assays were performed as previously described (7, 45) , with minor modifications from the manufacturer's protocol.
Isothermal Titration Calorimetry. Experiments were carried out on an ITC200 microcalorimeter from MicroCal at 15°C in 50 mM Hepes, pH 7.5 (at 25°C), 150 mM NaCl by titrating protein into ligand solutions (reverse titrations), and data were corrected for protein heats of dilution and deconvoluted using the MicroCal Origin software as previously described (1, 7) . Dissociation constants and thermodynamic parameters are listed in Tables S2 and S3 .
Fluorescent Recovery After Photobleaching. Fluorescent recovery after photobleaching (FRAP) studies were performed in U2OS cells transfected with mammalian overexpression constructs encoding GFP chimeras of BRD3, using a Zeiss LSM 710 scanhead coupled to an inverted Zeiss Axio Observer.Z1 microscope equipped with a high-numerical-aperture (N.A. 1.3) 40× oil immersion objective equipped with a heated chamber set to 37°C, using a protocol modified from previous studies (7).
Crystallization, Data Collection, and Structure Refinement. Cocrystallization and structure determination for complexes of BET BRDs with RVX-OH and RVX-208 were carried out following published procedures (7) . Data collection and refinement statistics can be found in Table S4 .
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